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Abstract. Many of the U.S. nuclear power plants are approaching the end of 
their 60-year licensing period. The U.S. Department of Energy Light Water Re-
actor Sustainability Program is conducting targeted research to extend the lives 
and ensure long-term reliability, productivity, safety, and security of these 
plants through targeted research, such as integrating advanced digital instru-
mentation and control technologies in the main control room. There are many 
challenges to this, one being the integration of human factors engineering in the 
design and evaluation of these upgrades. This paper builds upon recent efforts 
in developing utility-specific guidance for integrating human factors engineer-
ing in the control room modernization process by providing commonly used da-
ta collection methods that are applicable at various phases of the upgrade pro-
cess. Advantages and disadvantages of each method are provided for considera-
tion of an optimal human factors evaluation plan to be used throughout the 
lifespan of the upgrade process.

Keywords: Control Room Modernization · Human-systems Interface Evalua-
tion · Human Factors Engineering · Nuclear Power Plants

1 Introduction

Nuclear power annually accounts for approximately 20 percent of the electrical gen-
eration in the United States (U.S.), and has done so over the past couple decades. 
However, many of these U.S. nuclear power plants (NPPs) are now approaching the 
end of their 60-year licensing period. In order to extend the lives of these NPPs be-
yond their existing licensing period and to ensure their long-term reliability, produc-
tivity, safety, and security, one area that is being explored under the U.S. Department 
of Energy (DOE) Light Water Reactor Sustainability (LWRS) Program concerns main 
control room (MCR) modernization. Specifically, the integration of advanced digital 
instrumentation and control (I&C) technologies is being researched and implemented 
to ensure safety and enhance productivity and situation awareness of the plant. 

These upgrades can vary in scope and level of effort; nonetheless, the moderniza-
tion process often entails a stepwise approach where individual systems of the plant 
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are upgraded and scheduled around planned outages. The result of such differences in 
the upgrade process requires grading the level of the human factors engineering 
(HFE) design and evaluation effort [1]. For utilities, this graded approach is no easy 
feat, often requiring HFE expertise on hand to sift through the required regulatory 
documentation and to select the appropriate HFE methods and measures to apply. 

Recent work to support the industry has focused on developing a user-centered de-
sign process for utilities to use as part of ensuring that HFE is properly integrated into 
their planned upgrade process. Namely, this process is described as the Guideline for 
Operational Nuclear Usability and Knowledge Elicitation (GONUKE) [2]. While 
GONUKE provides a user-centered design process to follow, no specific HFE meth-
ods or measures are explicitly suggested to utilities. Hence, there is opportunity to 
elaborate on the specific HFE methods and measures that are commonly used within 
each of the phases and types of evaluation described in GONUKE. 

The next section describes the existing HFE documentation to support control 
room modernization: the U.S. Nuclear Regulatory Commission (NRC) HFE Review 
Model, the Electric Power Research Institute (EPRI) HFE Guidance for Control 
Room and Digital Human-System Interface (HSI) Design and Modification, the Insti-
tute of Electrical and Electronics Engineers (IEEE) Guide for the Evaluation of Hu-
man-System Performance in Nuclear Power Generating Stations, and the GONUKE 
process. This paper concludes with providing and exemplifying commonly used HFE 
data collection methods and measures used for HFE activities specific to control room 
modernization.

2 Existing HFE Guidance for Control Room Modernization

2.1 NUREG-0711: Human Factors Engineering Program Review Model

The U.S. NRC NUREG-0711 Rev. 3, Human Factors Engineering Program Re-
view Model, supports NRC staff in HFE reviews for new NPP builds, as well as for 
upgrades of existing NPPs [3]. NUREG-0711 essentially serves as a detailed resource 
for the NRC staff to verify that state-of-the-art HFE principles have been incorporated 
throughout each phase of development. These phases are described as Planning and 
Analysis, Design, Verification and Validation (V&V), and Implementation and Opera-
tion. There are twelve review elements arranged within each of the four phases. 

A comprehensive description of these elements is beyond the scope of this paper;
the reader should refer to NUREG-0711 for further details. However, it is important 
to note that each element is interlinked. For example, a modification is assumed to at 
least in part be driven by lessons learned from operating experience of past events, 
which drives what functions should and should not be automated. Human actions are 
then expected to be analyzed in detail through analytical approaches such as task 
analysis to identify important human actions that have implications to plant safety. 
This information is then used to drive the design of the HSI(s), procedures, and train-
ing. The integration of the HSI(s), procedures, and training are then evaluated during
V&V. The validated design is then implemented into the plant, where at this point, 
human performance is continuously done. 



NUREG-0711 emphasizes performance measurement in the selection of appropri-
ate HFE methods and measures, especially in integrated system validation (ISV) dur-
ing V&V. NUREG-0711 discusses a need for a hierarchical set of performance 
measures including aspects of plant performance, personnel task performance, situa-
tion awareness, cognitive workload, and anthropometric/physiological factors. Plant 
performance concerns measures of performance for various plant functions, systems, 
or components. Task performance concerns measures of time, accuracy, amount ac-
complished, subjective reports, and behavioral categorization by observers. Situation 
awareness concerns the degree to which personnel’s perception of plant parameters 
and understanding of the plant’s condition correspond to its actual condition at any 
given time and influences of predicting future states. Workload comprises the physi-
cal, cognitive, and other demands that tasks place on the plant personnel. Finally, 
anthropometric/physiological factors concern the visibility of displays, accessibility 
of control devices, and ease of manipulating control devices.

2.2 EPRI Human Factors Guidance for Control Room and Digital HSI Design 
and Modification

EPRI 3002004310, Human Factors Guidance for Control Room and Digital Hu-
man-System Interface Design and Modification, provides comprehensive guidance for 
utilities, their suppliers, and contractors to integrate HFE into the overall design ef-
forts [5]. One important piece to EPRI 3002004310 is the emphasis on tailoring and 
grading the HFE approach based on the scope of the modernization effort. For in-
stance, an HFE program should be appropriately based on the impact the modification 
may have to the safety of the plant. Modifications with direct impact to plant safety 
should take greater priority where greater rigor is applied to the design and evaluation 
process compared to lower-risk modifications. For selecting appropriate HFE methods 
and measures, it may not be necessary to use costlier data collection for a finer 
grained analysis when the proposed modification is less impactful on plant safety. 
However, modifications that impact multiple systems or have direct safety conse-
quences should use more rigorous data collection methods that build higher confi-
dence that no new human error modes were introduced and that state-of-the-art HFE 
principles are reflected in the design.

2.3 IEEE Guide for the Evaluation of Human-System Performance in Nuclear 
Power Generating Stations

The IEEE Guide for the Evaluation of Human-System Performance in Nuclear 
Power Generating Stations, IEEE Std 845-1999(R2011) outlines specific evaluation 
characteristics that should be considered when evaluating human-system performance 
related to systems, equipment, and facilities in NPPs [6]. Application of IEEE Std 
845-1999(R2011) in NPP MCR modernization activities can range from gathering
informal design input such as user opinions to tightly controlled experimental tech-
niques used for answering specific design questions (i.e., hypotheses). IEEE Std 845-
1999(R2011) emphasizes the use of a diverse set of measures to the extent that it is 
cost justifiable, as a single measure may not provide sufficient validity. Lastly, a dis-
tinction is made between subjective and objective measures. Subjective measures are 



comprised from data collected from judgement and opinions of users or experts. Ob-
jective measures are comprised from data collected from observable human behavior. 
IEEE Std 845-1999(R2011) describes how objective measures are less apt at being 
biased from opinion like subjective measures. However, objective measures can be 
difficult to collect from unobservable human behavior like cognitive processes. 

2.4 The GONUKE Process for Control Room Modernization

The intent of the GONUKE process is to provide direct support for utilities in NPP 
MCR modernization activities that ensures HFE is adequately and consistently inte-
grated throughout the upgrade process [2]. Hence, GONUKE fits within the review 
model of NUREG-0711 by covering key HFE activities for each of the four phases 
covered. However, one important distinction with GONUKE is that there is greater 
emphasis on HFE involvement in the earlier phases to ensure success at later phases. 

GONUKE describes three types of evaluation: expert review (i.e., herein described 
as verification), user testing (i.e., herein described as validation), and knowledge elici-
tation. The latter two involve data collection methods with plant personnel while the 
former involves human factors subject matter experts using human factors standards 
like NUREG-0700 [4] in analyses. 

There are four fundamental HFE evaluation phases as described by GONUKE, 
which correspond to the phases of NUREG-0711 [3]. The first phase, Planning and 
Analysis, includes baseline evaluation (i.e., for validation) and cognitive walkthrough 
(i.e., for knowledge elicitation) as data collection activities. Baseline evaluation en-
tails evaluating the as-built system so that it can serve as a benchmark for the new 
system. Cognitive walkthrough entails collecting plant personnel input to capture 
needs and expectations of the new system. Next, Design (i.e., described as formative
evaluation) is done through usability testing and feedback about the HSI design to 
support refining the HSI design through this collection of early feedback; identifica-
tion of acceptance criteria can also be considered. These formative activities during 
Design are most successful when done iteratively [7]. Third, a summative evaluation
(i.e., V&V) is done through ISV and feedback about operator performance after the 
design process is complete to confirm the usability and performance of a design. Fi-
nally, operator training and operator experience reviews are collected with the built 
design as part of Implementation and Operation for continuous monitoring of human-
system performance.

3 Common HFE Data Collection Methods and Measures

Over the past several years, human factors researchers from the LWRS Program 
have conducted numerous workshops with various utilities. This work used a range of 
HFE data collection methods for collecting design input, as well as evaluating human-
system performance through operator-in-the-loop studies. These methods were ap-
plied in various phases described in NUREG-0711 [3]. There was a range of testing 
environments, spanning from less controlled platforms such as informal discussions 
and field visits to controlled studies using full-scope testbeds. A collection of com-



mon HFE methods previously used from this past work is presented in Fig. 1, which 
is an adaptation of Rohrer’s Landscape of User Research Methods [8].

Fig. 1. Commonly used HFE methods and measures for control room modernization in NPP.

The y-axis denotes the focus of evaluation, being the degree to which the method is 
subjective or objective. As discussed in IEEE Std 845-1999(R2011), objectivity is the 
degree to which the method comprises data from observed human behavior whereas 
subjectivity is the degree to which the method comprises data from judgement and 
opinions of users or experts [6]. IEEE Std 845-1999(R2011) suggests using a diverse 
set of these measures to strengthen validity of findings.

On the x-axis, the methods lie on the degree of measurement, denoted as being 
qualitative or quantitative. Qualitative measurement provides descriptive information 
regarding the qualities of a topic [9]. For example, qualitative data may take the form 
of the description and categorization of various higher-level themes extracted from 
open-ended comments. This information is important for identifying and correcting 
potential HSI design issues [10]. Contrarily, quantitative measurement provides in-
formation regarding the quantity of a topic [9]. Quantitative analyses deal with both 
discrete and continuous data to make numerical measurement for both descriptive and 
comparative purposes. One may reasonably assume that quantitative measures are 
most important in later-staged efforts like ISV; however, quantitative measures still 
can be useful earlier in the development cycle [7]. To that end, qualitative measures 
can carry important insights in later phases such as collecting feedback about operator 
performance.



A third dimension of Fig. 1 pertains to the human performance dimension(s) that 
can be collected from the HFE method. These dimensions include: DI – Design Input, 
PP – Plant Performance, TP – Task Performance, SA – Situation Awareness, WL –
Workload, and AN – Anthropometric/Physiological Factors. 

The latter five correspond to the hierarchical set of performance measures de-
scribed in NUREG-0711 [3]. Design input is defined as the thoughts, feelings, and 
experiences expressed by the users that can be used to inform the design of the HSI. 
For example, comments and suggestions made by plant personnel to enhance the usa-
bility of the HSI would classify as design input. The methods presented in Fig. 1 are 
discussed in detail in the subsequent sub-sections, provided with a short description 
and a list of their advantages and disadvantages. Their applications to GONUKE [2] 
and to NUREG-0711 [3] are summarized in Fig. 2. 

Fig. 2. HFE methods and measures mapped to GONUKE (rows) and NUREG-0711 (columns). 

3.1 Description of Common HFE Data Collection Methods and Measures

Observation (General). Observation is a general HFE technique used to collect data 
about the physical and verbal aspects of a task or scenario [11]. It can be used to in-
form design or to inform task analysis. In this context, observation here is described 
as passive (i.e., without intervening or interfering with what operators are doing).
Various tools of ranging complexity can support in observation such as audio/video
recordings, spreadsheets, as well as pen and paper [12]. Advantages: Provides rich 
contextual information, minimally intrusive, does not necessarily require specialized 



equipment. Disadvantages: Cannot formally evaluate performance, does not reveal 
plant personnel’s thoughts and rationale for making decision observed or why an ob-
served error occurred.

Walk/talk-throughs. A walkthrough is an HFE technique where an expert user 
‘walks through’ or demonstrates a set of tasks or scenario to describe a task, highlight 
potential issues with the system, or highlight important actions that may be influenced 
by the upgrade. A talkthrough is a verbal demonstration of a walkthrough [5]. Ad-
vantages: Provides accurate descriptions of a task, observers can query of particular 
topics in ‘real time,’ collects behavioral and attitudinal aspects of human interactions. 
Disadvantages: Provides only descriptive data (i.e., cannot be used for validation), 
requires access to expert users such as plant personnel, requires degree of effort syn-
thesizing data collected from verbal reports and observations made.

Display Reviews. In a display review, static HSI displays are systematically evaluat-
ed with expert users (e.g., plant personnel) to uncover potential design issues [5]. This 
activity can be completed remotely, at the plant, or at a simulator. Likewise, this ac-
tivity can be done one-on-one or as a group (i.e., see Interviews versus Focus 
Groups). Advantages: Provides readily actionable design recommendations, incorpo-
rates identified issues and suggestions directly from actual users of the system, very 
flexible to administer. Disadvantages: Identified issues and suggestions are not direct-
ly tied to observable human-system performance data, issues and suggestions may be 
biased by past experience with an existing system.

Focus Groups. A focus group is a general HFE technique used to collect qualitative 
(i.e., attitudinal) data about a specific topic. This activity is done with a group of users
(ideally around 5 individuals), where verbal notes are collected from semi-structured 
questions administered by a facilitator [5]. Data can be collected in digital (e.g., 
spreadsheet) or pen and paper format. Raw notes are ultimately synthesized to make 
meaningful insights to the research question at hand. Advantages: Data collection is 
more efficient than with traditional interviews. Disadvantages: Collects only attitudi-
nal data (not behavioral), can be strongly susceptible to response bias between indi-
viduals compared to interviews. 

Interviews (General). Like focus groups, interviewing is a general HFE technique 
used to collect qualitative (i.e., attitudinal) data about a specific topic. However, these 
activities are done one-on-one, where verbal notes are recorded from the interviewee
[11]. Advantages: Less prone to response bias compared to focus groups, can provide 
rich data when done with observation. Disadvantages: Cannot formally evaluate per-
formance, data collection is more labor intensive than focus groups.

Usability/performance Metrics. Usability/performance metrics, as described in ISO 
9241-11 [14], incorporate measurement to the extent of effectiveness, efficiency, and 
satisfaction with which a specified user achieves specified goals in a particular envi-



ronment. Typical measures include task success, error frequency, completion time, 
and usability ratings. It should be noted that there are different formal integrated plat-
forms to which usability/performance metrics are collected. These platforms include 
the Operator Performance Assessment System (OPAS) [15] and the Supervisory Con-
trol and Resilience Evaluation (SCORE) framework [16]. These methodologies incor-
porate both structured evaluation of operator actions as well as expert evaluation. The 
reader should refer to the provided references for an in-depth discussion of these 
methodologies. Advantages: Can formally evaluate objective performance, low cost, 
does not require specialized equipment, data collection and post-processing is not 
labor intensive. Disadvantages: Sensitivity of measures are controversial for HFE 
studies in NPP MCRs, methods like OPAS and SCORE require considerable upfront 
effort identifying important human actions.

Eye Tracking (Heat Maps). A heat map is a visualization technique that uses differ-
ent colors to show the amount of fixations or dwell durations over an area (i.e., such 
as a control board) [13]. These visualizations illustrate where users looked and for 
how long. Advantages: Illustrates through objective data where users looked and for 
how long. Disadvantages: Cannot formally evaluate performance, requires special-
ized eye tracking equipment, data collection and post-processing is labor intensive, 
does not explain why users looked at a particular place, does not provide information 
about visual scanning patterns or sequence of eye movements. 

Usability Questionnaires. A usability questionnaire provides a set of structured ques-
tions that address different design elements of usability through allowing users to 
either rate or comment about each design element. Information collected from the 
questionnaire can be used to support identifying potential design issues and areas for 
improvement with the HSI. Questions can be created from content in NUREG-0700 
[4], EPRI 3002004310 [5], or other relevant resources (e.g., operating experience).
Advantages: Provides both qualitative and quantitative data, information collected can 
be adaptable depending on project needs, can be used to compare different designs, 
easy to develop and administer, low cost. Disadvantages: Provides only subjective 
data from user opinions, custom questions need to be pilot tested to ensure they ad-
dress the usability topic at hand, no available normative benchmark scores to compare 
and validate to since questions are customized each time.

Procedure Logs. Procedure logs are a form of observation done in a controlled set-
ting/lab, where the observer collects step-by-step actions from plant personnel. Each 
step is then time-stamped. For design and evaluation, the data collected here can be 
used to identify correct path as well as collect completion times per step. Advantages:
Provides objective performance data of task performance, low cost, does not require 
specialized equipment. Disadvantages: Requires formal acceptance criteria for evalu-
ation or an alternative design to compare to, data collection can be labor intensive.

Simulator Logs. Simulator logs capture the values of key parameters through the 
lifetime of a scenario. The data captured here is fully applicable to observing plant 



performance. Advantages: Provides objective data of plant performance. Disad-
vantages: Requires a testbed that is capable of recording and readily exporting key 
process values.

Eye Tracking (Metrics). Eye tracking is a general methodology used in HFE to cap-
ture measures of visual attention, mental workload, and situation awareness [17]. As 
such, physiological data can be collected to make inferences about a certain HSI de-
sign. Advantages: Captures a rich set of performance measures which are continuous-
ly tracked throughout the course of a scenario. Disadvantages: Requires specialized 
eye tracking equipment, data collection and post-processing is labor intensive, re-
quires additional level of inference when associating measures to HFE constructs 
(e.g., workload), not all testing environments or individuals are capable of using the 
equipment (e.g., issues range from lighting considerations to individual differences 
[17]). 

Situation Awareness Global Assessment Technique (SAGAT). SAGAT is a freeze-
probe/recall HFE method used to assess the three levels of situation awareness. 
SAGAT provides an objective means to evaluate situation awareness where partici-
pants’ responses to key queries are compared to what actually happened during the 
scenario. Questions are crafted to address Level 1, Level 2, and Level 3 situation 
awareness [18]. Advantages: Provides objective data of situation awareness. Disad-
vantages: Freeze-probes used can be highly intrusive, requires testing environment 
capability to freeze and blank out indication status, requires considerable upfront ef-
fort developing meaningful queries to administer during each probe.

Single Ease Question (SEQ). The SEQ is a standardized single post-scenario usabil-
ity question that asks users to rate (i.e., typically using a seven-point scale; 1=very 
difficult; 7=very easy) their overall ease of completing a task [7]. The SEQ can be
administered digitally, via pen and paper, or verbally after completion of a task. Ad-
vantages: Very easy to administer, low cost, provides quantitative data of perceived 
task difficulty. Disadvantages: Not diagnostic regarding identification of usability 
issues when used alone, may not necessarily correlate with observed task perfor-
mance.

Situation Awareness Rating Technique (SART). The SART is a post-scenario rat-
ing method used to derive a measure of perceived situation awareness [11]. The ques-
tionnaire comprises 10 dimensions (i.e., questions) using a seven-point rating scale 
(1=low; 7=high). A composite situation awareness score is derived from SART where 
a greater value denotes greater situation awareness. A simpler version (i.e., the 3D-
SART) is also available, comprising of only 3 questions. Advantages: Easy to admin-
ister, low cost, not intrusive. Disadvantages: Provides subjective (perceived) data of 
situation awareness, may be more representative of workload than situation aware-
ness.



National Aeronautics and Space Administration Raw Task Load Index (NASA-
RTLX). The NASA-RTLX is a post-scenario rating method to assess workload, com-
prising six different dimensions [11]. Each dimension (i.e., question) typically uses a 
20-point scale (1=low; 20=high) where higher values denote greater workload. The 
NASA-RTLX is a shortened version of the NASA-TLX where the set of 15 pairwise 
comparison is omitted. Workload can be evaluated by each dimension and holistically 
from aggregating the individual scales. Advantages: Easy to administer, low cost, not 
intrusive, there is a rich database of benchmark values across various industries to 
compare to [19]. Disadvantages: Provides a subjective (perceived) assessment of 
workload, responses can be confounded with task performance.

3.2 Application of HFE Data Collection Methods and Measures

Researchers from the LWRS Program partnered with a large utility as part of inte-
grating HFE into the control room upgrades for several non-safety related systems. 
The upgrade significantly affected I&C behind the board. Moreover, there was also a 
number of indications and controls from control boards of the MCR that were affect-
ed, including several new digital HSIs and single loop interface module (SLIM) re-
placements for manual-auto stations. In this partnership, LWRS human factors re-
searchers were able to successfully integrate common HFE methods within the utili-
ty’s major engineering project milestones such as their software-in-the-loop (SWIL) 
testing, factor acceptance testing (FAT), and licensing operator requalification train-
ing (LORT). For instance, researchers iteratively incorporated lightweight methods 
like usability questionnaires, interviews, and display reviews to collect design feed-
back and knowledge elicitation with licensed operators between planned activities for 
each milestone. 

Data collected from each milestone was used to inform the HSI design to which 
updated versions were used in a full-scale HFE workshop to evaluate the upgrades in 
an operational context. This workshop used formal objective methods such as eye 
tracking metrics and usability/performance metrics, as well as subjective methods 
such as usability questionnaires, SEQ, SART, and NASA-RTLX. Data collected was 
evaluated against industry accepted criteria or plant expected criteria for usability 
testing. Results from the study showed significant improvements to the design of the
HSIs. No safety-critical issues were identified.

4 Conclusions

This paper summarizes commonly used HFE methods and measures for MCR 
modernization in NPPs. As addressed in the paper, there are certain advantages and 
disadvantages of each method that should be accounted for when planning HFE inte-
gration into control room modernization efforts. A recommended approach is to use a 
diverse set of methods to collect human factors data across all quadrants described in 
Fig. 1. By including a balanced and diverse set of these methods and measures, this 
paper offers a complete, but not exhaustive, set of methods that can be used for design 
input and validation of human-system performance as described in NUREG-0711 [3]. 



Nonetheless, future work should investigate alternative HFE methods that may serve 
useful. 
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